, electromechanical actuators 2 , pressure sensors 3 , biosensors 4 , microphones 5 , loudspeakers 6 and microdrums 7 . Mechanically, graphene has remarkable Young's modulus (~ 0.5 -1 TPa), high mechanical strength (~ 130 GPa), and ultra-low mass density (2200 kg/m 3 ) that make it an ideal material for the realization of large suspended structures. From an operation point of view, graphene-based devices have been driven/actuated mainly either a Author to whom correspondence should be addressed. CTE, the graphene layer may act as a heating and conduction thin film simultaneously. In this case, when the whole bilayer structure is heated, the different CTE of the layers in the bilayer structure will cause an out-of-plane mechanical displacement. Therefore, the bilayer structure will vibrate at its resonant frequencies and achieve maximum displacement at a given actuation input. A few studies have been reported on graphene-based thermal actuator nanostructures such as cantilevers 2 , films 14 and plates 15 .
In this work, we report the realization of a resonator based on electrothermally-driven and mechanically vibrating graphene/PMMA bilayer structures. Ultra-large suspended thin films of multilayer graphene supported by a thin layer of PMMA have been transferred over a cavity with a diameter of 3.5 mm. The transfer process results in high yield without degrading the mechanical properties or rupturing the surface of the suspended structures.
Importantly, the use of only graphene, with a thickness of a few layers and high Young's modulus, will vibrate at high frequency and might not be suitable for some applications. Therefore, employing the PMMA film that has lower density and elasticity than graphene as a second layer could enhance the durability of the membranes and lower the frequency band. In addition, in order to examine the optimal driving configuration that could produce higher vibration amplitude and better sensitivity, the design of our device includes different configurations of actuation electrodes underneath the bilayer structure. In general, this work reveals the bilayer device behaving as a membrane structure, and reports the study of the influence of electrothermal biasing configurations, tension and membrane thickness, on the resonant frequency and the amplitude of vibration of the bilayer structure. The graphene/PMMA thin films have been actuated electrothermally by applying a combination of and voltages to the actuation metal electrodes underneath the thin film. In electrothermal actuation, a physical expansion 4 is induced by a local increase of temperature from Joule heating phenomenon. When the actuation voltage is applied between any two electrodes (as shown in Fig. 1 ), the current flowing through the bilayer structure will generate heat.
Due to the difference in the materials' CTE, a temperature gradient ∆ is induced which produces a thermal stress in the bilayer structure. The induced thermal stress alters the mechanical stiffness of the bilayer structure and forces the entire structure to expand or contract accordingly. In this way of actuation, the graphene/PMMA thin films can be driven into resonance and their frequencies can be tuned (see supplementary material). The resonant frequencies of the bilayer thin films have been measured using a laser Doppler vibrometer (LDV). The measurements have been performed at atmospheric pressure and room temperature conditions. For all measurements, a sweeping excitation signal (100 Hz -30 kHz) has been applied and a discrete Fourier transform (FFT) has been used to locate the first three modal frequencies of the suspended films. To measure the amplitude of the vibration, a sinusoidal signal has been applied at the resonant frequency modes. From the measurements, it can be seen that the resonant frequency of the thin films increases linearly with the film thickness. However, our measurements of the resonant frequencies are much higher than the existing plate model 9 that describes bilayer films (see supplementary material). On the other hand, the existing membrane model that describes the resonant frequency of monolayer 16 or multilayer circular thin film 5, [17] [18] [19] could be used to model our bilayer system:
where is the radius of the membrane, is the total thickness of the membrane, is the density of the material, is the initial pre-tension in the membrane, and is dimensionless coefficient of the resonant mode ( , are the number of nodal lines). In our bilayer system, equation (1) has been modified to describe the bilayer membrane that is composed of two different materials, by using the effective values of thickness ( ) and density ( ) for graphene ( ) and PMMA ( ) as follows:
In addition to the initial pre-tension ( ), in our actuation configuration, the Joule heating will induce thermal tension ( ) to the membrane during electrothermal actuation. Therefore, the resonant frequency of the clamped bilayer circular membrane can be re-written as follows:
Since the measurements have been performed in an air medium with a density , a term describing the additional air mass ( = 2 3 ⁄ ) 20 has been included in our model.
If we assume that the bilayer structures, despite their thicknesses, have the same magnitude of tension, their resonant frequencies should decrease with the increase of the thickness. However, the measurements in Fig. 2 have shown that the resonant frequency increases with the increase of the film thickness. It is possible that such behavior could be attributed to the differences of tension in the membranes. As the membrane tension increases, the resonant 6 frequency increases. Therefore, different values of total tension ( + ) have been applied in the membrane model (equation 4) to find the values of tension at which the experimental resonant frequency fits with the analytical model.
The calculations are presented in Table I . It can be seen that the estimated tension increases with the membrane thickness. This tension represents both the pre-tension and thermal induced tension. In practice, the pre-tension arises from the fabrication and transfer processes, while the thermal induced tension is more likely to be produced from the electrothermal actuation. The magnitude of the total estimated tension in this work is relatively small compared to the tension reported for multilayer graphene membrane 5 . It is worth pointing out that when the thermal induced stress is included in the plate model, the measurements agree with the model only when extremely high magnitude of thermal stresses (135.53 GPa for 350 nm-thick film to 298.43 GPa for 500 nm-thick film) are used (see supplementary material). Therefore, it is concluded that the bilayer film in this work is behaving as a membrane structure rather than a conventional plate. In electrothermal actuation, the driving configurations may have an impact on the resonant frequency and the amplitude of vibration. Figure 3 shows the dynamic response of 350 nm-thick circular membranes to different biasing configurations under constant actuation voltages ( = 1 V, = 8 V). In this case, the actuation voltages have been applied between two fixed metal electrodes using the following configurations (V2 -4, V2 -5, V3 -5, V3 -4, V4 -5), as shown in Fig. 1(a) . It can be observed that the configuration of the actuation has a significant impact on the vibration amplitude and frequency shift of the membranes. The configuration V2 -4 has shown the largest amplitude of vibration for the first, second and third resonant frequencies compared to the other configurations. The shapes of the measured modes are shown in the supplementary material. At the first resonant frequency, for example, the amplitude of vibration using the shorter path configuration V4 -5 has been found to be ~ 0.65 nm, which is six times less than the highest amplitude of 4.34 nm using the configuration V2 -4. In addition, the electrothermal actuation measurements 7 have shown a shift in the resonant frequencies as the driving configuration changes, as depicted in Fig. 3(b) . For the same configurations, a gradual increase in the vibration amplitude is accompanied by a gradual decrease of the fundamental resonant frequency from 3.42 kHz to 3.05 kHz (108187 ppm). This observation is suggestive of the fact that depending on the degree of heat generated, a certain electrode configuration can cause both a progressively higher amplitude and a higher frequency shift to lower frequencies, consistent with the existence of thermally induced tension in the membrane.
At the second resonant mode, however, it can be seen from Fig. 3a that the configurations V2 -4 and V3 -4 have produced larger amplitudes of vibration than the configurations V2 -5, V3 -5 and V4 -5. The second mode (1, 1) has movable parts (anti-nodal points) and immovable parts (nodal points). The immovable nodal points are one diametric node and one concentric node (see the supplementary material). In the V2 -4 and V3 -4 configurations, it is likely that the electrical current is flowing in the path of the anti-nodal points, and is being able to heat around the anti-nodal area more, thus inducing a larger amplitude of vibration. In the V2 -5, V3 -5 and V4 -5 configurations, on the other hand, it is believed that the current is flowing in the path of either the diametric node or the concentric node, and hence will result in a small amplitude of vibration.
From these observations, it is concluded that the best actuation configuration is the one at which the current flows through the largest area of the membrane. Therefore, the design of the actuation electrodes can be further optimized. For example, two large electrodes with arch-like shape could be considered an optimum design that might provide an efficient actuation configuration for circular membranes. In general, the resonant frequency and the amplitude of vibration of the membranes can be tuned by driving the membranes with a certain biasing configuration. 
Electrothermal actuation
The graphene/PMMA bilayer thin films can be driven into resonance by applying a combination of alternating current (AC) and direct current (DC) voltages ( and ) to the actuation electrodes. The relationship between the applied voltage and dissipated power in a resistance is given as ( = / ). Therefore, when the actuation voltages applied, the corresponding is given by 1 :
where is the angular frequency of the input voltage . When the actuation voltage is a combination of both and , the membrane is driven into resonance when the driving frequency of the input voltage matches the mechanical resonant frequency of the membrane (i.e. = ). When the applied voltage is only , the resonance takes place at = 1/2 .
Thermal response of the actuator
The change in the average temperature ∆ can be influenced by the thermal conductivity and dissipated power 2 . Since graphene has higher thermal conductivity than PMMA and due to the inverse proportionality of the thermal response time to the average thermal diffusivity (i.e. = 1/ ) 3 , it is highly possible to achieve fast thermal response to the conductive heat.
Shapes of the measured modes:
Fig. S1. The first three shape of the resonant modes for circular membranes measured by LDV.
Resonant frequency of circular plate structures
The resonant frequency of clamped, stress-free circular plate can be written as 6 :
where R is the radius of the membrane, is bending rigidity = , is Young's modulus, is
Poisson's ratio, is the total thickness of the membrane, is the density of the material, and is a dimensionless dimensionless coefficient of the resonant mode. For bilayer plate, the effective values of parameters of Young's modulus , thickness , density , and bending rigidity of the composite membranes of graphene (g) and PMMA (p) can be expressed as follows 7, 8 By including the thermal stress ( ) and the surrounding medium mass ( ), the resonant frequency of clamped bilayer circular plate can be written as follows:
where is the effective density of the bilayer materials, and is the effective bending rigidity of the film.
Thermal stress from the plate model
If the transferred films are assumed to behave as plates, the calculated resonant frequencies from the stress-free plate model are not in agreement with the measurements (see table SI). If thermal stress is included in the plate model (equation S7), the experimental resonant frequency fits with the model at only extremely high values of stress (e.g. 135.53 GPa for 350 nm-thick film). Such a high stress seems unlikely to be induced practically at an electrothermal actuation voltage of 8 V. Therefore, our bilayer structure is more likely to behave as a membrane rather than a plate. 
